Abstract There is a renewed focus on the design of infrastructure resilient to extreme hydrometeorological events. While precipitation-based intensity-duration-frequency (IDF) curves are commonly used as part of infrastructure design, a large percentage of peak runoff events in snow-dominated regions are caused by snowmelt, particularly during rain-on-snow (ROS) events. In these regions, precipitation-based IDF curves may lead to substantial overestimation/underestimation of design basis events and subsequent overdesign/underdesign of infrastructure. To overcome this deficiency, we proposed next-generation IDF (NG-IDF) curves, which characterize the actual water reaching the land surface. We compared NG-IDF curves to standard precipitation-based IDF curves for estimates of extreme events at 376 Snowpack Telemetry (SNOTEL) stations across the western United States that each had at least 30 years of high-quality records. We found standard precipitation-based IDF curves at 45% of the stations were subject to underdesign, many with significant underestimation of 100 year extreme events, for which the precipitation-based IDF curves can underestimate water potentially available for runoff by as much as 125% due to snowmelt and ROS events. The regions with the greatest potential for underdesign were in the Pacific Northwest, the Sierra Nevada Mountains, and the Middle and Southern Rockies. We also found the potential for overdesign at 20% of the stations, primarily in the Middle Rockies and Arizona mountains. These results demonstrate the need to consider snow processes in the development of IDF curves, and they suggest use of the more robust NG-IDF curves for hydrologic design in snow-dominated environments.
Introduction
Intensity-duration-frequency (IDF) curves are a worldwide standard tool used in planning and hydrologic design of infrastructure and water facilities to accommodate extreme hydrometeorological events (Chow, 1964) . Traditionally, IDF curves are constructed using meteorological records of rainfall or precipitation data based on the common consensus that extreme rainfall events are more intense than snowmelt events (Cheng & AghaKouchak, 2014; Fassnacht & Records, 2015; Perica et al., 2013; Sarhadi & Soulis, 2017) . In the United States, IDF curves are typically constructed based on the precipitation-frequency atlas referred to as Atlas 14 and produced by the National Oceanic and Atmospheric Administration (NOAA) (Perica et al., 2013 ). The IDF curves are then used to derive design storms of specified precipitation frequency and duration for use in event-based hydrologic rainfall-runoff models, such as the Natural Resources Conservation Service TR-55 (Cronshey et al., 1986) and U.S. Army Corps of Engineers Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS) models (Scharffenberg & Fleming, 2010) .
Traditional IDF-based hydrologic design implicitly assumes precipitation is in the form of rainfall that is immediately subject to ''rainfall-runoff'' processes. This assumption has potentially significant implications in regions, where snowfall is a major component of precipitation. In these regions, precipitation-based IDF curves may lead to substantial overestimation or underestimation of design basis events and subsequent overdesign/underdesign of infrastructure. If an extreme precipitation event is primarily snowfall, much of the precipitation may not be immediately available for the rainfall-to-runoff process, which can lead to overdesign and incur unnecessary cost. On the other hand, underdesign will occur if snowmelt or rain-on-snow (ROS) rates exceed extreme precipitation, potentially leading to significant underestimates of flood risk.
In the hydrologic science community, the deficiency of traditional precipitation-based IDF design in snowdominated environments is addressed by using physically based hydrologic models to simulate streamflow directly, instead of relying on the precipitation-based IDF curve to drive an event-based hydrologic model (Gudmundsson et al., 2012; Lee et al., 2016; Leung & Wigmosta, 1999; Mote et al., 2005; Tohver et al., 2014) . These physically based hydrologic models, such as the Variable Infiltration Capacity (VIC) (Liang et al., 1994) , the Distributed Hydrology Soil Vegetation Model (DHSVM) (Wigmosta et al., 1994) , the Precipitation Runoff Modeling System (PRMS) (Leavesley et al., 1983) , the Weather Research and Forecasting Model Hydrological modeling extension package (WRF-Hydro) (Gochis et al., 2015) , and the Council for Regulatory Environmental Modeling (CREM) (EPA, 2009) , use an energy-balance and mass-balance approach to track both snow accumulation and melt, as well as soil moisture and runoff generation. Other stand-alone snow models, such as the SNOW-17 (Anderson, 1976) , the iSnobal (Marks et al., 1999) , and the Utah Energy Balance (UEB) Snow Model (Tarboton et al., 1995) , are also available and widely used in research (Hay & Clark, 2003; Painter et al., 2016; Raleigh & Lundquist, 2012) .
However, a large portion of infrastructure in snow-dominated regions is currently designed using traditional IDF technology, including the NOAA precipitation-based IDF curves. It is common and standard practice for engineers to use a single-event-based model (e.g., TR-55) for modeling the rainfall-runoff process. The use of an advanced physically based modeling approach can be cost-prohibitive in the design of smaller infrastructure, such as residential storm water systems or highway culverts. Another important constraint is adherence to local surface water design manuals. These design manuals may recommend or require use of precipitation-based IDF curves with selected single-event hydrologic models. For example, the Federal Unified Facilities Criteria (UFC) recommend the Natural Resources Conservation Service (NRCS) TR-55 approach to modeling the rainfall-runoff process in surface drainage design (UFC, 2013) . Snohomish County in Washington State extends from the Puget Sound lowland to the crest of the Cascade Mountains and watersheds range from rain-dominant, to transitional rain-snow, and to snow-dominant. However, the county drainage manual recommends the NOAA precipitationbased IDF curves combined with the NRCS curve number approach in infrastructure design of facilities such as wetpool treatment facilities (https://snohomishcountywa.gov/DocumentCenter/View/31221). In some cases, local regulations recommend adjustments to precipitation-based IDF curves. Chelan County, Washington, which contains snow-dominant watersheds on the eastern slope of the Cascade Mountains, follows the Stormwater Management Manual for Eastern Washington (https://fortress.wa.gov/ecy/publications/documents/0410076. pdf), which provides a method for adjusting precipitation-based IDF values to account for ROS events. This approach is provided for nine locations and assumes the observed December-February average daily snow depth will melt during a 72 h ROS event. Reductions are made to estimate melt for a 24 h time period, which is then added to the 24 h design storm precipitation estimate for that location.
In these locations, tradition IDF-based design is being applied with little knowledge of potential errors or opportunities for improvement. Therefore, the use of observational data to estimate potential errors in IDFbased hydrologic design is of great value when evaluating the adequacy of existing infrastructure and current infrastructure design using traditional approaches. This paper provides such an analysis and suggests a Water Resources Research
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potential improvement through the use of next-generation IDF curves based on observation alone or in combination with physically based model simulations of hydrologic processes that control water delivery to the land surface.
IDF curve technology was first introduced in hydrology more than 50 years ago, generally for application in ungauged basins. Since then, the use of physically based hydrologic models for understanding hydrologic processes and predicting hydrologic responses has become more common. However, due to the high cost of the advanced physically based models (i.e., staff expertise, labor, and computational demand) and local regulation as discussed above, it can be expected that the IDF-based technology will continue to play a significant role in hydrologic design through the foreseeable future, especially for the design of small-scale infrastructure. Adaptations of the current IDF technology, rather than a complete technological change to a physically based hydrologic modeling approach, is also more likely to be implemented by agencies and regulators. Given the lack of consistency in how the IDF design approach is applied in regions that feature important snow processes, the goals of this study are to:
1. Investigate the role of snow processes in the amount of water available at the land surface for runoff during extreme events. 2. Identify the potential errors associated with the use of precipitation-based IDF curves in snowdominated regions. 3. Introduce the next-generation IDF (NG-IDF) curves that account for snow processes and quantify the amount of water reaching the land surface for improved hydrologic design in snow-dominated environments. These curves are based on the water available for runoff (W) at the land surface acquired through rainfall, snowmelt, or ROS events.
It is important to note that the NG-IDF curves developed in this study have applications beyond hydrologic design. They illustrate relative differences between extreme rainfall and extreme snowmelt, which is important for analyses of hydrologic effects of climate change (Adam et al., 2009; Harpold & Kohler, 2017; Musselman et al., 2017) . They also illustrate the spatial patterns, frequency, and magnitude of large ROS events throughout the western United States. In addition, NG-IDF curves can be used to examine climate stationarity outside the context of hydrologic modeling, as even the most sophisticated hydrologic models cannot replace the observation record (Milly et al., 2008 ).
This paper is organized as follows: section 2 describes the study area and discusses the importance of snow processes in the western United States. Section 3 describes the data source and quality control process. Section 4 presents the methodology for developing the NG-IDF curves, followed by the results and discussion of the NG-IDF curves in section 5. Finally, section 6 concludes the paper.
Study Area: Western United States
In the western United States, most annual precipitation falls in winter or early spring, and much of it is temporarily stored as snowpack in high-altitude mountainous regions. Snowmelt from mountain snowpack contributes about 70-80% of the total annual runoff in the western United States (Bales et al., 2006; Clark et al., 2001; Fassnacht et al., 2003) . Although extreme precipitation over a short time period is often the cause of extreme flood events, a great number of large flood events are associated with snowmelt from deep snowpack especially during ROS events (may also include flow through of liquid water due to drainage, i.e., snowpack can function as a porous medium during ROS events) (Bookhagen & Burbank, 2010; Fang et al., 2014; Kattelmann, 1997) . Waylen and Woo (1982) reported that large floods occurred because of either spring snowmelt or heavy winter rainfall in the Cascade Range of the Pacific Northwest (PNW). Jarrett (1990) and Kampf and Lefsky (2016) found that the magnitude of extreme rainfall events decreased significantly and peak flows were dominated by snowmelt at high altitudes in the Colorado Front Range. England et al. (2010) also indicated that the dominant flood-generating mechanism transitioned from rainfall in lower elevations to snowmelt in higher elevations. Fassnacht and Records (2015) compared the magnitudes of precipitation, rainfall, and snowmelt for the 24 h, 10 and 100 year return period events in Colorado. They emphasized that snowmelt was on average 15% and 8.9% greater than precipitation for the 10 and 100 year events, respectively. United States and found that snowmelt and ROS events were more robust predictors of the flooding response than rainfall over the western United States.
ROS events, typically combined with warmer temperature and high winds, lead to significantly accelerated melting and produce severe flood events both in the mountainous regions and lowlands, often resulting in severe social and economic damage (Harr, 1981; Kattelmann, 1991; McCabe et al., 2007; Pradhanang et al., 2013; Sui & Koehler, 2001 ). The four highest floods on record in the Merced River in Yosemite National Park were all caused by ROS events (Kattelmann, 1997) ; the ROS event on February 1996 resulted in one of the largest floods in the PNW and millions dollars of damage (Marks et al., 1998) .
Data Sources and Quality Control
We acquired long-term meteorological and snowpack measurements (through 30 September 2016) from 785 active Snowpack Telemetry (SNOTEL) stations across the western United States operated by the U.S. Department of Agriculture NRCS. In this data set, both snow water equivalent (SWE) and accumulated precipitation (PREC) values are reset to zero on 1 October at the start of each water year. The temporal resolution of more recent SNOTEL sensors is hourly. However, due to wind effect and sensor issues, the hourly data are less reliable than the daily data (Meyer et al., 2012) . As a result, we used the daily (24 h) time series of SNOTEL records, including PREC, SWE, and air temperature values.
A three-stage filter was implemented on the raw SNOTEL data sets to address data quality concerns. The first and second stages of the filter follow the data quality control procedure described in detail by Serreze et al. (1999) to identify missing data, erroneous values, and outliers in PREC, air temperature, and SWE values. We also included an additional check on SWE values during the melt phase to make sure large changes in SWE are consistent with corresponding changes in air temperature values (described in the supporting information). We developed an additional third stage to address inconsistent SWE and PREC observations, where the SWE amount exceeds PREC amount throughout the snow season (physically impossible). The reader is referred to the supporting information for step-by-step descriptions of the first-stage and secondstage filters. The description below focuses on the third-stage filter.
The third-stage filter identifies ''inconsistent water years,'' which are defined according to Meyer et al. (2012) as when the maximum SWE value is at least 5% greater than the associated PREC. When an inconsistent water year was identified, data for the entire water year were removed from the station record. In addition, SNOTEL stations were excluded if the mean relative difference between the maximum SWE amount and the associated PREC amount taken over all inconsistent water years exceeded 20%. Although SNOTEL SWE data have been used in a great number of applications, very few attempts have been made to address the inconsistency issue (Johnson & Marks, 2004; Meyer et al., 2012) . This is mainly due to the very complex sources that could be attributed to such inconsistency, e.g., precipitation undercatch and snowpack overcatch (i.e., snow drifting, ice-bridging, and foreign material deposition). Investigation of the exact responsible mechanism for the SNOTEL inconsistency is beyond the scope of this work. Nevertheless, the effects of the inconsistent data on IDF curve design are further discussed in the supporting information.
Methods

Estimation of Precipitation, Rainfall, and Water Available for Runoff
The actual amount of the water (W) reaching land surface available for the runoff process is characterized through mass balance as W5P2DSWE, where the 24 h precipitation (P) is directly calculated as the difference between the current and previous daily PREC. To explore the viability of traditional IDF curves, we generated annual maximum time series from daily values for total precipitation, rainfall only, and W for four hydrometeorological conditions (classes 3-6 below):
1. Total precipitation (P): as measured at the SNOTEL site, 2. Rainfall only (R): precipitation with no snowfall, 3. W from melt without precipitation (M o): no precipitation with a decrease in SWE, 4. W from melt associated with mixed rainfall and snowfall (M mix): PREC increase larger than SWE increase, 5. W from all melt events including ROS events (M ros): decrease in SWE with or without precipitation, and 6. W from all events (W all), i.e., all melt events (M ros) plus rainfall on snow-free ground.
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The NG-IDF curves are developed based only on W all; classes 2-5 are used to quantify the relative role of melt/rainfall/ROS in contributing to extreme runoff. Classification for classes 2-5 are provided in Table 1 .
Our approach uses the change in SWE instead of air temperature threshold to differentiate between rainfall and snowfall; limitations of the air temperature approach are discussed by McCabe et al. (2007) and Fassnacht and Records (2015) . For example, the precipitation phase in NOAA Atlas 14 (Perica et al., 2013) was determined based on an assumed 1.18C temperature threshold. However, many studies have demonstrated that a single temperature threshold is questionable because of the great variability of temperature thresholds both in space and time (Fassnacht, 2013; L opez-Moreno et al., 2013; Lundquist et al., 2008) . Other atmospheric processes are also important controls on the precipitation phases, leading to a large temperature range in which precipitation falls as snow (Dai, 2008; Rajagopal & Harpold, 2016) . Note our approach assumes that loss of SWE through sublimation has minor effects on the extreme events. During ROS events, the rate of sublimation is likely to be low due to higher humidity, but it could be larger on dry windy days.
IDF Curve Development
IDF curves were developed for SNOTEL stations that passed the three-stage filter and that each had at least 30 years of records for frequency analysis (Kuczera, 1982; Perica et al., 2013; Yan & Moradkhani, 2015) . As noted above, we constructed six time series consisting of the annual maximum for P, R, M mix, M o, M ros, and all viable events W all (M ros plus rainfall on snow-free ground) at each SNOTEL station. Frequency analysis methods used in IDF curve design are based on the underlying stationary assumption, which is that the hydroclimatic system fluctuates within an unchanging envelope of variability (Khaliq et al., 2006; Milly et al., 2008; Rosenberg et al., 2010) . However, this stationary assumption is being challenged because of anthropogenic changes (Leung & Wigmosta, 1999; Sun et al., 2015 Sun et al., , 2016 Taylor et al., 2012; Yan & Edwards, 2013) . In this study, we tested the stationary assumption for the annual maximum series using the nonparametric Mann-Kendall test (Kendall, 1975; Mann, 1945) at the 5% significance level. Where trends were significant, we detrended the time series using Sen's slope (Sen, 1968) while maintaining the time series average. All trend analyses were performed using the ''trend'' package (Pohlert, 2016) in R (version 3.3.2).
After detrending, goodness-of-fit tests based on L-moments for three-parameter distributions were performed as suggested by Hosking and Wallis (1997) and Perica et al. (2013) . All L-moments analyses performed in this study used the ''lmom'' and ''lmomRFA'' packages (Hosking, 2015a (Hosking, , 2015b in R (version 3.3.2). Five three-parameter distributions were considered: the generalized logistic (GLO), generalized extreme value (GEV), generalized normal (GNO), Pearson type III (PE3), and generalized Pareto (GPA) distributions. The IDF curves were then designed based on the best fit distribution for five exceedance probabilities: 1/5, 1/10, 1/25, 1/50, and 1/100, which correspond to the extreme events with return periods of 5, 10, 25, 50, and 100 years.
Assessment of NG-IDF Curves in Engineering Design
By comparing the NG-IDF with the traditional precipitation-based IDF curve values, we evaluated the potential design risk for a given duration and frequency, as follows (Figure 1 ):
1. overdesign-if the precipitation IDF value is greater than the NG-IDF value ( Figure 1a) ; 2. underdesign-if the NG-IDF value is greater than the precipitation IDF value ( Figure 1b) ; and 3. proper design-if the differences between the precipitation IDF and NG-IDF values are less than 10% (Figure 1c) . We used a 10% relative difference as the tolerance threshold for proper design to account for data uncertainty in frequency analysis. We acknowledge that this value is somewhat arbitrary and could be higher (more discussion follows in section 5.3).
Results and Discussions
5.1. Data Screening SNOTEL data were screened according to the three-stage filter described in section 3. The first two stages removed a total of 0.2%, 0.4%, and 1.7% of the observations for PREC, SWE, and air temperature values, respectively. The third-stage filter excluded 43 SNOTEL stations and removed about 10% of the total station data (from the remaining stations) associated with inconsistent water years. The threestage filtering process retained a total of 376 stations each of which had at least 30 years of records ( Figure 2a ) out of 785 active SNOTEL stations. About half of the retained stations had at least 35 years of records. Qualitatively, the selected SNOTEL stations show good spatial coverage over the western United States (i.e., the Cascade Range, Blue Mountains, Sierra Nevada, Rocky Mountains, and Arizona/ New Mexico).
Figures 2b and 2c show the total number of inconsistent water years and the mean relative differences between the peak SWE value and the associated PREC value for each retained station. It should be noted that there were very few inconsistent water years identified for stations in the Cascade Range as well as lower elevation regions. Stations in the Sierra Nevada, Rocky Mountains, and higher elevation regions, however, had larger amounts of inconsistent data. Similar findings were reported by Meyer et al. (2012) . As noted previously, all inconsistent water year data were removed. , 1999, 2001 ). Although our primary focus was the development of IDF curves, we also examined the spatial variability in the magnitude and timing of peak SWE values. Figure 3a presents the mean peak SWE values for all selected SNOTEL stations. The highest mean peak SWE values (greater than 918 mm) were found in the PNW, Sierra Nevada, and northern Rockies in Idaho and Montana. The higher peak SWE values in the PNW and Sierra Nevada are expected as a result of their overall wetter conditions in winter. The high peak SWE value for the northern Rockies is mainly due to the frequent leeside cyclogenesis and occasional passage of Pacific systems (Cayan, 1996; Whittaker & Horn, 1984) . The lower peak SWE values (less than 358 mm) in the Colorado Front Range, Blue Mountains, and Arizona/New Mexico are associated with limited precipitation . Figure 3b shows the average date of the climatological peak SWE value. The earliest peak SWE value date (in February) occurs in Arizona/New Mexico, mainly because of the comparatively higher winter temperature. 
Spatial Variability of Snowpack
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latest dates of peak SWE value in April to early May, which is related to the later onset of above-freezing temperatures ).
Precipitation-Rain-Snowmelt Frequency Analysis
For each SNOTEL station, we examined trends in the 24 h annual maximum series using the MannKendall test. There were statistically significant negative trends in annual maximum 24 h P, R, Table 2 .
As noted previously, we evaluated five three-parameter distributions to describe the annual data (after detrending). Based on the Z DIST value simulation method proposed by Hosking and Wallis (1997) , the GLO provided the best fit across all SNOTEL stations for all six annual maximum series. We used this distribution (GLO) in all frequency analysis for the following three reasons. First, changes in distribution type for different annual maximum series often result in considerable discontinuities in frequency estimation across series, particularly at large return periods (Hosking & Wallis, 1997; Perica et al., 2013) . Second, the actual form of the frequency analysis distribution is unknown and its derivation from the physical processes is still a fundamental unsolved problem in hydrology (Griffis & Stedinger, 2007; Lima & Lall, 2010; Yan & Moradkhani, 2015) . Third, the uncertainty in the frequency analysis associated with the types of distribution is generally small. Many studies have suggested that the major uncertainty in frequency analysis is contributed by the data themselves, while the choice of distribution plays a much less important role (Fassnacht & Records, 2015; Hosking & Wallis, 1997; Stedinger & Griffis, 2008; Yan & Moradkhani, 2016b) .
Detrending had little effect on the frequency analysis. For instance, among the 83 SNOTEL stations with statistically significant M ros trends, the original M ros annual maximum data set exceeded the detrended values by 21.5%-8.3% for the 10 year and 26.5%-37.9% for the 100 year events. Based on the predefined 10% difference threshold of proper design, the differences between the original and detrended values were smaller than the threshold at all 83 stations for 10 year events and 51 stations for 100 year events. Averaged among all 83 stations, the original M ros were 2% and 8% higher than the detrended values for the 10 and 100 year events, which were smaller than the 10% threshold. The Pearson correlation coefficients between original and detrended values were greater than 0.98 for both the 10 and 100 year M ros events. The other five annual maximum data sets showed similar results.
In the case of the mixed rain/snow/melt (M mix), the annual peak values were much smaller than the all melt events including the ROS case (M ros) at most of the SNOTEL stations. For instance, the 10 and 100 year M ros events were greater than M mix at 99.7% and 93.9% of all stations, respectively. Averaged over the 376 stations, the M ros 10 and 100 year events were 31.6 and 38.6 mm more than the M mix events, respectively. As a result, the mixed/rain/snow/melt M mix had little effect on the IDF analysis that characterizes the potential extremes, and is not considered in the following discussion. Figure 4 compares the 10 and 100 year, 24 h precipitation (P) versus rainfall only (R) and all melt events including ROS events (M ros) versus rainfall only (R) for the 376 SNOTEL stations. On average, the 10 and 100 year P was 26% greater (ranging from 2.4% to 70.3%) and 17% greater (225.3 to 74.8%) than the corresponding R, respectively. As expected, these results indicate that the majority of the extreme precipitation events in the snow-dominated regions of the western United States had significant snowfall. We found that the maximum annual precipitation series for all stations contained at least one event caused by snowfall, while an average of 69% of the data in the annual maximum precipitation series over all stations contained snowfall. The 10 year P events were greater than R events at all stations. It should be noted that 63 of the 376 stations showed greater R events than P events for the 100 year event (Figure 4c ). This physical impossibility has been reported in previous studies and is due to data uncertainty (e.g., precipitation gauge undercatch) and the statistical nature of frequency analysis (more specifically, overextension with high uncertainty due to small sample size) (Fassnacht & Records, 2015; Haan, 2002; Perica et al., 2013) . In this study, we used a difference threshold 10% as proper design class to partially capture this uncertainty. Averaged among all 63 stations, the R 100 year events were 7% higher than the P events, which was smaller than the 10% threshold. The 10 and 100 year, 24 h all melt events including ROS (M ros) were greater than the corresponding rainfall only (R) by more than 10% at 311 and 237 out of the 376 stations (Figures 4b, 4d , 5a, and 5c). Among these stations, the M ros exceeded R by 3-84 mm for the 10 year event and by 5-174 mm for the 100 year event. Rainfall R exceeded M ros by more than 10% at 20 and 65 stations, respectively, corresponding to the exceedances of 5-27 mm for the 10 year event and 6-71 mm for the 100 year event. Averaged over all stations, the 10 and 100 year M ros was 43% greater and 30% greater, respectively, than the corresponding R. . The 10 and 100 year, 24 h precipitation (P), rainfall only (R), and all melt events, including rain-on-snow events (M ros) for the 376 SNOTEL stations across the western United States. The black line indicates the 1:1 line. Note that for some stations, the 100 year 24 h rainfall events are larger in magnitude than precipitation; this physical impossibility has been reported in previous studies and is due to data uncertainty and the statistical nature of frequency analysis (more specifically, overextension with high uncertainty due to small sample size).
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10.1002/2017WR021290 Figure 5 shows the ratios between the 10 and 100 year, 24 h all melt events including ROS (M ros) versus precipitation (P) and rainfall only (R) for the 376 SNOTEL stations. As expected, M ros was greater than the corresponding R at more stations and by a larger ratio than P at the same stations. The M ros exceeded P by more than 10% at 127 and 142 out of the 376 stations for the 10 and 100 year events, respectively. For these stations, the M ros=P ratios range from 1.1 to 1.8 and from 1.1 to 2.2 for the 10 and 100 year events. Larger M ros=P ratios were observed in the Cascade Range, Colorado Front Range, Blue Mountains, and northern Rockies. The largest ratio occurred at the Idarado station in Colorado; it had a value of 2.2 for the 100 year event. In general, these results illustrate the deficiency of the traditional precipitation-based IDF curves and emphasize the role of snowmelt events in providing water available for runoff in mountainous environments.
Importance of Rain-on-Snow Events for IDF Design
To better understand the influence of ROS events on NG-IDF curves, we compared snowmelt IDF curves developed with ROS (M ros) and without ROS (M o) ( Table 1 ). Figure 6a shows the percentage of ROS events in the total annual maximum M_ros data set for the 376 SNOTEL stations. The figure shows that ROS events were more frequent in the PNW, where most of the stations in the Cascade Range had more than 70% ROS events in the annual maximum series. The ROS events were much less frequent (<20%) in the Colorado Front Range and Wasatch Range. Similar findings were also reported by McCabe et al. (2007) based on the analyses of cooperative weather station data in the western United States.
Figures 6b and 6c present the ratios between M ros and M o for the 10 and 100 year events, respectively. The ratio M ros=M o was greater than 1.1 at 197 and 303 out of the 376 stations, respectively. The largest Figure 5 . Ratio of the 10 and 100 year, 24 h all melt events including rain-on-snow (M ros) to the precipitation (P) and rainfall only (R) for the 376 SNOTEL stations across the western United States. Ratios less than 1.0 indicate M ros events smaller than P or R; while ratios greater than 1.0 suggest M ros events exceed P or R.
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difference occurred at the Seine Creek station in Oregon, where the ratio of M ros=M o was 4.9 for the 100 year event. On average, when ROS events were included, the 10 and 100 year events increased by 26% and 35%, respectively. These results suggest that snowmelt without precipitation (M o) IDF curves can substantially underestimate extreme events in some locations (especially in the PNW and Sierra Nevada), and further emphasize the importance of including ROS events to generate more robust NG-IDF curves.
NG-IDF in Hydrologic Design
After demonstrating the importance of snowmelt and ROS events in IDF design in the previous two sections, the main focus of this section is to assess the traditional precipitation-based IDF in hydrologic design using NG-IDF curves, which characterize the actual water (W all) reaching the land surface. As described in section 4.3, we evaluated the potential design risk in three classes: overdesign, underdesign, and proper design.
The relative differences between the NG-IDF and precipitation-based IDF curves for the 10 and 100 year events are presented in Figure 7 for all SNOTEL stations. About 45% and 43% of the 376 stations indicated the potential for underdesign for the 24 h, 10 and 100 year events, respectively. For these stations, W all exceeded P by 10-75% for the 10 year event and 10-125% for the 100 year event. The largest difference (125%) occurred at the Idarado station in Colorado. The potential for overdesign exists at 9% and 20% of the 376 stations, corresponding to negative relative differences between W all and P of 234 to 210% for the 10 year event and 275 to 210% for the 100 year event, respectively. A total of 137 stations were shown to be properly designed (P and W all within 610%) for both 10 and 100 year events. Most of the stations found to be underdesigned were in the PNW, Colorado Front Range, and Wasatch Mountains. In general, these regions are characterized by deeper snowpack and longer snow accumulation seasons, as shown in Figure 3 .
The West Coast showed higher spatial coherence in underdesign and overdesign classes than the interior mountains, because this region is the first to intercept pulses of Pacific moisture. Serreze et al. (2001) also noted that the SNOTEL stations in the western United States tended to have a few large individual snowfall events and that large snowfall at a given station was not necessarily observed at surrounding stations in Colorado, Wyoming, and Utah, due to strong localized topographic controls. It is interesting to note that a few stations in the Sierra Nevada Mountains showed overdesign of the 10 year event but underdesign of the 100 year event. We found that the NG-IDF and precipitation-based IDF curves at these stations crossed, leading to the contradictory design class for 10 and 100 year events. In the Sierra Nevada Mountains, most extreme precipitation falling during the winter is associated with large atmospheric river landfalls. As a Figure 6 . (a) The percentage of rain-on-snow events (decrease in SWE value accompanied by precipitation) in the total annual maximum M ros data set for the 376 stations. (b) The 10 year, 24 h events ratio between all melt events including rain-on-snow (M ros) and melt without precipitation (M o) as described in Table 1 . (c) Similar to (b) but showing the ratio for the 100 year, 24 h events. Note that the rain-on-snow events substantially increase both 10 and 100 year events across the western United States and lead to potentially higher flood risk.
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result, annual maximum series were dominated by precipitation (P) rather than melt events. However, when a higher SWE value than average occurs due to atmospheric variability Clark & Serreze, 2000) , the accelerated melt of deep snowpack combined with rainfall during ROS events produce a significantly higher amount of available water than generated by peak precipitation alone (Kattelmann, 1991) . As a result, the ROS events tend to dominate the 100 year event estimators and induce some of the worst flooding events in this region, e.g., the 1983 Sierra Nevada flood.
In summary, the 100 year NG-IDF value was 40% higher than the 100 year precipitation-based IDF value at 35 of the 376 SNOTEL stations, while the converse (P was 40% higher than W all) was observed at only 12 stations (Figure 8 ). On average, the magnitudes of W all were 24% and 30% greater than P across all the underdesigned stations in the western United States for the 10 and 100 year events, respectively; while, the magnitudes of P were on average 19% and 31% greater than W all across all the overdesigned stations for the 10 and 100 year events, respectively. These results emphasize the potential flood risk or unnecessary 
Conclusions
In this study, we first examined the role of snowmelt and rain-on-snow (ROS) events in analyses of extreme runoff events for 376 SNOTEL stations across the western United States. Our results suggest that the majority of extreme precipitation events in the snow-dominated regions of the western United States were snowfall and that melt with ROS can significantly exceed extreme precipitation events. More specifically, all melt events including ROS exceeded precipitation by more than 10% at 127 and 142 out of the 376 stations for the 10 and 100 year, 24 h events; the associated ratios ranged from 1.1 to 1.8 and from 1.1 to 2.2, respectively. This brings into question the reliability and resilience of infrastructure design in snow-dominated regions using the standard precipitation-based IDF curves, as recommended in many local surface water design manuals.
To overcome the deficiency of the IDF technology in snow-dominated environments, we proposed the next-generation IDF (NG-IDF) curves, which characterize the actual water reaching land surface (W all) through a mass-balance approach to improve infrastructure design in these regions. Through comparison to precipitation-based IDF curves, we found about 45% of the stations in the western United States showed the potential for underdesign, mainly in Pacific Northwest, the Sierra Nevada, and the Middle and Southern Rockies, meaning that the precipitation-based IDF curves may substantially underestimate water available for runoff generation. Conversely, about 20% of the stations show the potential for overdesign, primarily in the Middle Rockies and Arizona mountains.
We acknowledge and fully support the use of physically based hydrologic modeling as an alternative approach to accounting for the snow effect on extreme runoff that is largely ignored in the precipitationbased IDF design in snow-dominated regions. This approach, however, suffers from lack of guidance in local regulations and corresponding surface water design manuals, high-computational and labor costs to implement, and its own limitations such as parameter and model structure uncertainties (Clark et al., 2015; Sun et al., 2014; Yan & Moradkhani, 2016a) . It can be expected that IDF-based technology will continue to play a significant role in hydrologic design in the foreseeable future, especially for small-scale infrastructure design. Consequently, the proposed NG-IDF curves would benefit resources engineering and design in snow-dominated regions. While this study focused on the western United States, the proposed NG-IDF can have a broader impact on resilient infrastructure in snow-dominated regions (i.e., mountains and valleys) worldwide.
A limitation of this study is the relatively coarse spatial and temporal coverage of the SNOTEL-based NG-IDF curves. Due to the daily step of SNOTEL data, we developed NG-IDF curves (24 h duration) at 376 stations across the western United States. We acknowledge that these 376 NG-IDF curves would not provide full spatial coverage for practical hydrologic design purposes. A practical path forward that we are currently implementing is to use a physically based hydrologic model (DHSVM) driven by high-resolution gridded metrological data to estimate W all in finer spatial detail across the western United States. The resulting NG-IDF curves then can be extended from the coastal lowlands to high-elevation snowmelt-dominated basins. Other duration curves, from 1 to 12 h, can also be developed in a similar fashion. In addition, the NG-IDF curves based on observations developed here also provide an important new validation data set for these more comprehensive modeling efforts.
